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Abstract  
 
The focus of this Editorial is recent developments in magnetic resonance imaging (MRI) 
modalities for evaluation of the microstructure and macromolecular organisation of articular 
cartilage. We place a specific emphasis on three types of measurements: (1) MRI transverse 
spin-relaxation mapping (T2 mapping); (2) diffusion-tensor imaging; and (3) compression micro-
MRI (μMRI) measurements of articular cartilage in vitro. Such studies have a significant role to 
play in improving the understanding of the fundamental biomechanics of articular cartilage and 
in the development of in vitro models of early osteoarthritis. We discuss how the supramolecular 
organisation of the cartilage extracellular matrix and its behaviour under mechanical 
compression can be inferred from diffusion-tensor and T2 maps with in-plane resolution ~100 
μm. The emphasis is on in vitro studies performed under controlled physiological conditions but 
in vivo applications of T2 mapping and DTI are also briefly discussed.  
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ARTICULAR CARTILAGE   
 
Articular cartilage (AC) is a connective tissue that covers the articulating surfaces of movable 
joints in mammals. It plays an important two-fold role in biomechanical mobility of humans 
[14]:  
 
(1) It serves as a low-friction, wear-resistant protective material for bones, facilitating the 
movement of bones within the joint;  
 
(2) Through compression, AC distributes the stress exerted on the bone to a greater contact area. 
Known as load processing, this reduces contact stress between the bones and protects the bones 
from fatigue.  
 
Both these functions are intimately related to the biopolymeric composition and supramolecular 
architecture of articular cartilage. The structural basis of AC is a biopolymeric extracellular 
matrix (ECM) based on collagen (15−20% of tissue weight) and proteoglycans (PG, 3−10%). 
These biopolymers are biosynthesised by chondrocyte cells embedded in the ECM. Other major 
components of AC are lipids (1−5%) and water (65-80%) [8]. The collagen is organised in 
fibres, which form a cross-linked network. This network usually contains three zones of 
alignment: (1) the superficial zone, located near the articular surface, in which collagen fibres are 
predominantly aligned parallel to the surface; (2) the radial zone, located near the bone, in which 
the fibres are predominantly aligned normal to the bone; and (3) the transitional zone, which lies 
between the superficial and the radial zones and in which the collagen fibres exhibit no preferred 
direction of alignment [2,14,17].  
 
Load carriage in articular cartilage. The biopolymeric composition of AC, in combination with 
the unique supramolecular organisation of its ECM, determine the biomechanical properties of 
articular cartilage. Collagen acts as the structural scaffold of articular cartilage. The zonal 
architecture of the collagen network is responsible for the ability of AC to distribute the applied 
load to a greater contact area [24,27]. Proteoglycans act as osmotic “molecular sponges” by 
retaining water in the tissue and thereby giving the cartilage its elasticity [24]. 
 
AC exhibits both elastic and viscous response under compression. Certain features of this 
response (e.g., time-dependent strain under a step stress) are well described by the viscoelastic 
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model [15]. But its full description requires the poroelastic model, which considers the 
interaction between water and the ECM biopolymers, so that the viscous component of the 
response takes into account the migration of the fluid through the ECM [19]. Upon application of 
constant load, the strain slowly increases and plateaus after 40-60 min. This is accompanied by 
load-sharing between the fluid and the solid matrix of the cartilage. The load is initially 
transferred to the fluid component. The load-induced fluid pressure (hydrostatic excess pore 
pressure, HEPP) increases, reaching a maximum in ~10 min. Thereafter HEPP slowly decays as 
the solid matrix increasingly deforms and shares more of the load [26]. This process is known as 
“consolidation”.  
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MRI AND MICRO-MRI  
 
Magnetic Resonance Imaging (MRI) was developed in its modern form in the 1970s-1980s and 
has since become an indispensable tool of biomedical imaging and clinical diagnosis [5]. The 
physical basis of MRI is the magnetism of atomic nuclei. The magnetic moment of a single 
atomic nucleus is extremely small and effectively undetectable. However, the collective 
magnetisation of nuclei in a macroscopic sample can be sufficiently large to be detected 
macroscopically, especially in the case of nuclei that are abundant in the sample. The detection 
process involves placing the sample in an external magnetic field (B0), exciting the nuclei such 
that their magnetisation vectors are perpendicular to B0 (this is known as the creation of 
transverse magnetisation) and then using a radiofrequency (RF) pickup coil to observe the 
precession of transverse magnetisation in the applied field B0 [6].  
 
In clinical MRI, the source of the detected signal is usually the hydrogen nuclei residing in water 
molecules. Articular cartilage, like many other biological tissues, contains ~60-70% water. Every 
water molecule, in turn, contains two hydrogen atoms, ~99.99% of which is the isotope 1H. The 
nucleus of this isotope of hydrogen, commonly referred to as “the proton”, possesses the highest 
magnetic moment of all stable nuclei. Therefore, articular cartilage contains a very large number 
of magnetic nuclei: ~5⋅1022 water protons per cubic centimetre of tissue (this quantity is known 
as spin density). The combination of the large spin density and the large magnetic moment 
provides for an easy detection of the 1H MRI signal. Modern MRI technology enables 
acquisition of 1H MR images of exceptionally high quality.  
 
Clinical MRI spectrometers are designed to accommodate human subjects: They normally 
feature a full-body magnet and provide the field-of-view of ~25-50 cm and typical in-plane 
spatial resolution of between 1 and 5 mm. In research studies, higher resolution (0.3-1 mm) can 
be achieved [31]; however, on clinical instruments this kind of high resolution tends to require 
long acquisition times incompatible with routine clinical workflow. Micro-MRI (μMRI) is the 
term reserved for high-resolution imaging of small samples in vitro. This type of imaging is 
normally done in the context of research rather than clinical diagnosis. Fundamentally μMRI is 
exactly the same technique as its clinical counterpart, but μMRI hardware is designed to trade 
large field-of-view for high spatial resolution. μMRI RF coils are significantly smaller than their 
clinical counterparts: typically in the size range 5 – 25 mm. The advantage of μMRI coils is the 
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spatial resolution much higher than that achievable clinically. In μMRI, the in-plane spatial 
resolution can be between 10 and 200 μm, depending on the magnetic field strength and the RF 
coil used, and the slice thickness 10 – 1000 μm. This enables a detailed imaging of human 
articular cartilage (which is typically 2-4 mm thick). It can be used to resolve the collagen 
alignment zones, providing a non-destructive technique for observing the supramolecular 
organisation of the cartilage ECM.  
 
In both clinical MRI and μMRI, two fundamental types of imaging can be distinguished. One is 
weighted imaging, where the temporal settings of the imaging pulse sequence are used to 
modulate the contrast between adjacent tissues or regions. The contrast can be based on the 
differences between one or more parameters characterising 1H magnetisation in different tissues. 
Commonly used contrast schemes include T2-weighted and T1-weighted imaging (contrast based 
on transverse [T2] and longitudinal [T1] relaxation times, respectively); diffusion-weighted 
imaging (contrast based on differences between diffusivities of water in different tissues); T2*-
weighted imaging (apparent transverse relaxation times, or T2*’s); and spin-density imaging 
(contrast based on differences in water content). Contrast between tissues means that different 
tissues appear with different intensities in a weighted image. Interpretation of signal intensities in 
weighted images is qualitative and largely visual rather than quantitative.  
 
The second type of MR imaging is parameter mapping, where a spatially-resolved map of a 
particular parameter characterising the sample is obtained. Commonly used measurements of this 
type include the mapping of T1, T2, the apparent diffusion coefficient or the diffusion tensor 
within the sample. (The latter is conventionally referred to as diffusion-tensor imaging, or DTI.) 
Parameter mapping requires acquisition of a series of images weighted to different degrees on 
the parameter of interest. The parameter map is constructed based on the simultaneous analysis 
of the entire series. For example, the construction of a T2 map requires a series of T2-weighted 
images acquired at different echo times (which provides different degrees of T2 weighting); the 
value of the T2 in each voxel is then determined using least-squares fitting of the appropriate 
model to the voxel intensities in different images. This relationship is illustrated in Fig. 1 [34]. 
The intensity of a given voxel in the T2 map corresponds to the value of the T2 in that voxel 
measured in absolute physical units (s or ms). Parameter mapping is more time-consuming than 
weighted imaging, both in terms of the imaging time and the subsequent analysis. However, the 
advantage is that the voxel intensities in parameter maps have a well-defined physical meaning. 
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At least in principle, they can be quantitatively interpreted in terms of the microstructure and 
organisation of the tissue within the framework of a given biophysical model. MRI parameter 
maps can thus be used as quantitative experimental evidence to support or reject a given model 
of the structure or function of a tissue, which makes them invaluable in tissue research. With 
regards to articular cartilage, we will focus on two specific types of MRI parameter maps: T2 
maps and diffusion-tensor maps. As seen below, both T2 and DT maps reflect the supramolecular 
organisation of the cartilage ECM. They have also been used as tools to probe the effects of 
enzymatic degradation or mechanical compression on the collagen scaffold of AC.  
 
 
 
 
 9
MICROSTRUCTURAL MRI STUDIES OF ARTICULAR CARTILAGE   
 
Background. Due to its high water content, articular cartilage generates a strong MR signal and 
is easily visualised in MR images. This is in contrast to X-ray-based medical imaging modalities: 
in the absence of X-ray-absorbing contrast agents, AC is not directly visible in X-ray or CT 
images. It is not surprising, therefore, that MRI rapidly became the modality of choice for the 
imaging of AC [29,35]. The first reports of cartilage MRI appeared in the literature in the late 
1980s [1]. By the mid-1990s, quantitative anatomical studies of AC in vitro became available 
[12]. These were soon followed by MRI studies of small-animal models of osteoarthritis [33] as 
well as MRI-based visualisation  of joint motion and solute perfusion in human volunteers in 
vivo [16].  
 
While suitability for anatomical imaging of AC is one of the strengths of MRI, it is the ability to 
evaluate the molecular-level environment within the cartilage ECM that really sets MRI apart 
from other imaging and microscopy techniques. Two classes of MRI techniques should be 
distinguished in relation to AC. The first is the techniques used to evaluate the organisation of 
the collagen network that forms the structural scaffold of the extracellular matrix of AC 
(“microstructural MRI”). The two most notable techniques in this class are T2 mapping and 
diffusion-tensor imaging; both of these are already finding their way into clinical imaging 
[3,7,25]. The second class is the techniques for the imaging of proteoglycan distribution in AC. 
Of particular note here is the delayed Gd(DTPA)(2-)-enhanced MRI (dGEMRIC) [4], which was 
developed in the late 1990s and has since become a standard tool for AC microimaging. Other 
techniques, such as GAG-CEST [18], remain largely experimental at this time but nevertheless 
hold promise of future clinical applications. The ability of MRI to interrogate the microstructure 
and biopolymeric composition of AC, combined with its unparalleled versatility as an imaging 
technique, have led to MRI becoming a leading technique for non-invasive imaging of articular 
cartilage [29,35].  
 
Below we discuss three categories of recent microstructural MRI studies of AC: (1) transverse 
spin-relaxation mapping (T2 mapping); (2) diffusion-tensor imaging; and (3) compression μMRI 
studies of articular cartilage. The emphasis is placed on in vitro applications of all three 
techniques because, at present, in vitro μMRI possesses a superior spatial resolution and 
therefore enables acquisition of the most detailed biophysical information concerning both the 
microstructure of AC and the macromolecular mechanisms of load carriage within it.  
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T2 mapping. T2 is the transverse relaxation time of nuclear spins; it can be described as the 
characteristic time of decay of transverse nuclear magnetisation following the RF excitation. Its 
significance to microstructural imaging lies in the fact that the value of the T2 in a given tissue 
depends on the molecular hydrodynamics of water in that tissue, which in turn depends on the 
viscosity, water content, biomolecular composition and microscopic organisation of the tissue. 
Therefore, T2 provides a natural and non-invasive probe of the microscopic environment within 
the tissue.  
 
The utility of T2 measurements in MRI of articular cartilage was unequivocally demonstrated 
through the work of Xia and co-workers [36,37], who showed that the local value of the T2 in 
“aligned” (superficial and radial) zones of AC depends on the orientation of the articular surface 
to the applied magnetic field (B0). This is known as T2 anisotropy. In research MRI applications 
involving the mapping of transverse relaxation, the relaxation rate, R2 = 1/T2, is usually used. 
The rationale for this is that the relaxation rates due to different factors are additive (much like 
the rate of disappearance of a substrate undergoing enzymatic degradation via multiple pathways 
is the sum of the rates of the individual pathways). The R2 in cartilage is the sum of isotropic and 
anisotropic contributions, and its orientational dependence follows the empirical relationship:  
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The terms R2I and R2A are the isotropic and the anisotropic components of the relaxation rate, 
respectively. The angle θ is the predominant angle of collagen fibre alignment relative to B0. 
This orientational behaviour of R2 is known as the magic-angle dependence because the 
anisotropic term vanishes when θ equals the so-called magic angle, θMA = arccos(1/√3) ≈ 54.7o. 
The origin of this behaviour lies in the interaction between water molecules and aligned collagen 
fibres, the molecular mechanism for which was demonstrated recently by Momot et al [21].  
 
The significance of the magic-angle behaviour of R2 in cartilage is that it enables non-invasive 
identification of the collagen alignment zones within AC. This is illustrated in Fig. 2, which 
shows the R2 maps of a bone-cartilage plug at two different orientations  [Figs. 2(a) and 2(b)], as 
well as the corresponding depth profiles of R2 [Fig. 2(c)]. It is seen from the R2 profiles that the 
value of R2 in the depth range 0.2 mm – 0.4 mm from the AS is independent of the orientation. 
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This range of depths corresponds to the transitional zone of AC, where the collagen network 
lacks a preferred direction of fibre alignment and therefore exhibits no anisotropy. On the other 
hand, the value of R2 at the depths 0 mm – 0.2 mm and 0.5 mm – 1.3 mm differs significantly 
between the 0o orientation and the 55o orientation. This orientation dependence (or R2 
anisotropy) indicates the presence of a predominant alignment in the collagen network. The 
degree of R2 anisotropy can be used as a qualitative indicator of the degree of collagen 
alignment. By tilting the sample about different axes and measuring the R2 profile, it is possible 
in principle to infer the absolute 3D direction of collagen fibre alignment in different zones.  
 
The orientation of the sample with respect to B0 can be readily changed for bone-cartilage plugs 
in vitro. However, this is not feasible in clinical imaging due to spatial constraints of MRI 
magnets. Nevertheless, T2 anisotropy can still be observed in the clinical setting due to the fact 
that the articular surfaces of knee and hip bones have a significant curvature, thus naturally 
providing a distribution of orientations of the AS with respect to B0. An excellent example of T2 
anisotropy observed in vivo was reported by Carballido-Gamio et al [7]. In Fig. 2 of that paper, 
the orientational anisotropy of the T2 is apparent from the fact that the cartilage areas with the 
articular surface horizontal (perpendicular to B0) exhibit a shorter T2 than those with the AS 
inclined with respect to B0. Assuming that the two areas are compositionally and 
morphologically similar, the difference in T2 can be attributed to the anisotropic term of Eq. (1). 
By estimating the relative magnitudes of the isotropic and the anisotropic contributions to R2,  R2 
mapping of the whole knee can provide a way of gauging the degree of collagen alignment in the 
radial zone of AC. Correlation of the R2 values with the angle the articular surface forms with B0 
enables an indirect estimation of the predominant alignment angle of collagen fibres relative to 
the AS.   
 
Diffusion-tensor imaging. Diffusion-tensor imaging (DTI) is a relatively recent addition to the 
suite of MR techniques for the microimaging of articular cartilage. The first DTI study of AC 
was reported in 2005 [13], but DTI is already proving to be a highly valuable tool for 
microstructural imaging of AC. T2 mapping, which was discussed above, can enable the 
estimation of the degree of collagen fibre alignment within AC, but does not directly provide 
information about the absolute direction of the alignment. DTI possesses the advantage of being 
able not only to probe the degree of alignment, but also to measure the predominant direction of 
fibre alignment directly.  
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In DTI, the diffusivity of water molecules within a tissue is measured for at least 6 independent 
spatial directions. In the presence of a predominant alignment (such as collagen fibre alignment 
in AC), the diffusivities corresponding to different directions differ due to the fact that aligned 
fibres restrict the diffusion of water molecules in different directions to a different degree [23]. 
This is known as diffusion anisotropy. Diffusion anisotropy is usually represented by a diffusion 
tensor (DT; hence the name DTI). The DT can be thought of as an asymmetric ellipsoid whose 
radius in a given direction represents the diffusivity in that direction. The DT is characterised by 
three eigenvalues, or principal diffusivities (which can be visualised as the lengths of the 
principal axes of the ellipsoid) and three eigenvectors, which represent the absolute orientation 
of the ellipsoid relative to the laboratory coordinate frame.  
 
In articular cartilage the direction of the principal DT eigenvector (the eigenvector corresponding 
to the largest diffusivity) has been shown to correspond to the direction of the predominant 
alignment of the collagen fibres [9,10,20,32]. This is illustrated in Fig. 3, which shows a quiver 
plot representing the direction of the principal DT eigenvector superimposed on a “conventional” 
T2-weighted MR image of the same sample (bovine AC). The direction of the principal 
eigenvectors in the DT quiver plot can be interpreted as the direction of predominant collagen 
fibre alignment. The alignment pattern exhibits an excellent correlation with the zonal pattern of 
the T2-weighted image. The original publication by de Visser et al [9] also demonstrates a good 
correlation between the collage fibre alignment patterns derived from DTI and the “gold 
standard” technique (Polarised Light Microscopy). The ability to observe collagen fibre 
alignment patterns directly and non-destructively makes DTI a valuable research tool for 
investigating the supramolecular organisation of the ECM in native cartilage [9,10], in vitro 
models of enzymatic cartilage degradation [11,20] and tissue-engineered cartilage constructs. 
DTI is also revolutionising the study of the biomechanics of AC, as discussed in the next section.  
 
At present, the interpretation of DTI results in AC is largely limited to the measurement of the 
direction of predominant alignment of collagen fibres. Other valuable biophysical information, 
such as the degree of alignment of collagen or the volume fractions of collagen and PG in the 
tissue, remains largely inaccessible. One of the reasons for this is the lack of models to enable 
the translation of the fractional anisotropy of the DT into quantitative characteristics of the 
morphology of the collagen network. Work to develop such interpretive models using molecular 
simulations of diffusion in model collagen networks is currently underway [22,30]. It is hoped 
that, used in conjunction with other MRI modalities such as T2 mapping, such models will enable 
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a comprehensive quantitative morphological mapping AC, including the degree of disorder of 
the collagen network and the biopolymeric composition of the cartilage ECM.  
 
Micro-MRI of compressed articular cartilage. The potential for MRI to serve as an indirect 
predictor of biomechanical properties of AC was recognised at least a decade ago. In 2004, 
Nieminen et al hypothesised that, because both mechanical and MRI properties of AC are 
determined by the macromolecular organisation of cartilage ECM, the former can be predicted 
based on the latter. They studied the correlation between various bulk mechanical moduli and 
MRI-measured characteristics of bovine AC samples in vitro [24]. They found that between 50% 
and 90% of the variation in Young’s modulus and the aggregate modulus between joints and 
between sites in a given joint could be explained by the variation in relaxation-related MRI 
parameters – namely, T2 (which is sensitive to PG content and collagen alignment) and Gd-
DTPA T1 enhancement (sensitive to PG content). However, the nature of the correlations 
observed was multivariate. For example, Young’s modulus did not exhibit a perfect correlation 
with any single MRI parameter and could be characterised more completely when both PG-
sensitive and collagen-sensitive MRI parameters were taken into account. This finding is 
consistent with the multifactorial nature of cartilage as a physical system. Therefore, while 
mechanical and MRI properties of AC are indeed correlated, in practice the prediction of 
mechanical properties using statistical parametric correlation with the MRI properties is 
complicated by the multivariate nature of the correlation.  
 
Availability of microstructural MRI techniques opens up the possibility of a non-parametric 
approach to the study of cartilage biomechanics. Microstructural MRI can be used to map the 
patterns of collagen fibre alignment in samples under mechanical compression as well as 
uncompressed samples. The utility of both DTI [10] and T2 mapping [34] for this purpose has 
been demonstrated, and ample evidence exists that compression-induced reorientation of the 
principal DT eigenvector reflects the changes in predominant collagen fibre alignment patterns 
[32]. Compression-induced changes in the collagen scaffold can, in turn, be correlated with the 
bulk mechanical properties of the samples. This approach is well exemplified by the ground-
breaking work by Pierce et al, who employed finite-element viscoelastic simulations in 
conjunction with DTI measurements of mechanically indented AC samples in vitro in order to 
determine the fibre-structural and the viscous input into load carriage on a sample-specific basis 
[27,28]. The authors of that work envisage that the approach can be applied to “sample-specific 
tracking of the fibre fabric deformation under general loading” and, eventually, for quantitative 
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assessment of the functional state of AC in vivo. It must be noted that the spatial resolution and 
signal-to-noise ratios required for such applications are at the limit of what is currently 
achievable on the clinical instruments in vivo [3]. Nevertheless, DTI has the potential to deliver 
significant macromolecular-level insights into biomechanical mechanisms of load carriage in 
AC. Its microstructural applications in vivo should become feasible as the sensitivity of MRI 
receivers continues to improve.  
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CONCLUSION  
 
Molecular hydrodynamics of water in articular cartilage, which is reflected in the 1H spin 
relaxation rates and the diffusion tensor, interrogates the macromolecular organisation of 
extracellular matrix of AC. This enables micro-MRI to be used to obtain specific and precise 
information about molecular-level organisation of the cartilage ECM, as well as changes in the 
ECM organisation upon compression. T2 maps provide information about the degree of collagen 
fibre alignment in different zones of AC, while diffusion-tensor maps also reveal the absolute 
direction of the predominant fibre alignment. Both techniques are now routinely used to study 
the organisation and compressive behaviour of AC in vitro with in-plane resolution ~100 μm. 
Both T2 mapping and DTI are beginning to enter in vivo imaging and hold significant promise of 
the eventual emergence of applications for MRI assessment of the functional state of AC in 
everyday clinical practice.   
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Figure Captions  
 
 
 
Fig. 1  Illustration of the relationship between weighted images and parameter maps. The top 
row of images is four T2-weighted images of the a bone-cartilage plug. The images were 
acquired at different echo times (TE, shown in the Figure), which provides for different degrees 
of T2 weighting. The R2 map (bottom image) is constructed by processing the entire TE series of 
weighted images together using three-parameter exponential least-squares fitting (LSF) [34].  
 
 
 
 
 
 
Fig. 2  Anisotropy of transverse relaxation rate (R2) in articular cartilage: (A) R2 map of a bovine 
bone-cartilage plug oriented perpendicular to the applied magnetic field, B0; (B) R2 map of the 
same sample oriented nearly at the Magic Angle (55o) relative to B0. In both maps, pure white 
corresponds to R2 = 0.13 ms−1. The sample is immersed in perfluorinated oil (Fomblin®), hence 
no signal from the areas surrounding the sample. The thickness of AC is ~2 mm, and the size of 
the entire sample is ~1 cm. The bright white band in the middle of AC in map A corresponds to 
the region of highly anisotropic R2. (C) R2 depth profiles constructed from maps A and B. The 
depth ranges 0 mm – 0.2 mm and 0.5 mm – 1.3 mm exhibit a strongly orientation-dependent R2, 
which indicates the presence of a well-defined predominant collagen alignment in these regions 
of AC. These regions correspond to the superficial and radial zones of AC, respectively. The 
depth range 0.2 mm – 0.4 mm exhibits an orientation-independent R2. This range of depths 
corresponds to the transitional zone of AC, where the collagen network lacks a preferred 
direction of alignment of the fibres and therefore exhibits no anisotropy.   
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Fig. 3  A quiver plot of the principal DT eigenvectors (red lines) superimposed on a T2-weighted 
MR image of a bovine bone-cartilage plug in phosphate-buffered saline. For the purpose of 
magnification, only a small region of the original T2-weighted image is shown. The red dots 
represent the voxels where the DT could not be determined reliably due to insufficient signal-to-
noise ratio. The alignment of the principal DT eigenvectors gradually varies from parallel to the 
AS in the superficial zone to perpendicular to the AS in the radial zone. This pattern reproduces 
the collagen alignment zones derived from conventional T2-weighted MRI (the underlying 
greyscale image) and polarised light microscopy (shown in the original publication) [9]. 
Abbreviations: AS = articular surface; Superf. = superficial zone; Trans. = transitional zone.  
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